Simulations of Fungicide Runoff Following Applications for Turfgrass Disease Control P. Vincelli, Department of Plant Pathology, University of Kentucky, Lexington 40546-0091
Turfgrasses under intensive management are often subject to destructive outbreaks of infectious diseases, especially those caused by fungi. While sound turf management practices often reduce the impact of diseases, fungicides can often be an important tool in preventing damaging turf loss and promoting recovery following disease outbreaks. For example, perennial ryegrass is highly susceptible to gray leaf spot caused by Pyricularia grisea (20) . While cultural practices can reduce gray leaf spot severity (23) , only the judicious and proper use of fungicides can prevent turf loss under the high disease pressure sometimes experienced in Kentucky (21) .
Interest in and concern about the environmental fate of pesticides applied to turfgrasses has been increasing steadily for well over a decade. Much attention has focused on golf courses (1, 3, 4, 12, 13, 18, 22) where pesticide usage can be relatively intensive on high-maintenance courses. In urban areas, as the area of land maintained as lawns has increased, so has the potential for undesirable water quality resulting from the use of pesticides on lawns (17) . Although pesticide-treated turfgrasses are generally not considered to pose as high a risk to water quality as does cropland or bare soil, significant loading of pesticide can occur from turfgrass into surface runoff, especially when soil antecedent moisture is moderate to high (1, 4) .
TurfPQ is a deterministic model for simulating runoff of pesticides from turfgrasses (10) . This model simulates pesticide runoff by using six input parameters: the soil runoff curve number for average antecedent moisture conditions, the organic carbon partition coefficient (K oc ) and half-life of the pesticide of interest, the organic carbon content of the turf, and daily temperature and rainfall. In comparisons of TurfPQ predictions against 52 runoff events for herbicides or insecticides from turfgrass (10) , the model had a tendency to somewhat overestimate pesticide runoff amounts, particularly for those with a high K oc . However, the magnitude of overestimation was generally acceptable, with predicted values averaging 1.4× the mean of observed values, and an R 2 = 0.65 (10) . The TurfPQ model has been used to simulate runoff risks of pesticides commonly used on golf courses in the northeastern United States (11) .
The objective of this test was to use the TurfPQ simulation model to explore whether fungicide applications recommended for control of common turfgrass diseases in Kentucky could pose a risk to aquatic ecosystems through loading into surface runoff.
MATERIALS AND METHODS
General simulation conditions. Values for the runoff curve number for average antecedent moisture conditions (CN2 values) and organic carbon (OC) in foliage and thatch were selected from published values that approximated turfgrass conditions in central Kentucky (8, 10) . Daily data for temperature and precipitation during 1981 to 2001 were obtained from the University of Kentucky Agricultural Weather Center. All simulations were conducted using the same weather data input file; no supplemental irrigation was assumed. For all simulations of cool-season grasses, active growth was assumed from April through October; simulations with zoysiagrass assumed active growth from May through September. For some simulation sets, simulations were conducted for soils in hydrologic group B and group C (moderate and slow infiltration rates, respectively) (6); otherwise, simulations were conducted using soils in hydrologic group B. Unless otherwise specified, coverage of soil by turfgrass was assumed to be >75% (soil not covered by turfgrass is assumed bare) (10) . Fungicide parameters used in simulations and in analyses (Table 1) were taken from published sources (2,9,11) and the following sites on the worldwide web: EXTOXNET (Extension Toxicology Network), USDA ARS Pesticide Database, and Oregon State University Pesticide Properties Database.
Output values for surface runoff (mm/ha) and fungicide mass in runoff (g/ha) were used to calculate fungicide in runoff as a percentage of that applied and fungicide concentration in runoff water. The latter data were compared with 50% lethal concentration (LC 50 ) values for water flea (Daphnia magna) and rainbow trout (Salmo gairdneri) (Table 1) (2, 19) , which serve as indicator species for primary and secondary consumers in aquatic ecosystems, respectively.
Simulation set 1 (SS1 Simulation set 5 (SS5). For all lawn simulations, the mowing height was 64 mm and fungicides were applied on 1 June, 1 July, and 1 August. Simulations of disease control in lawns were mostly conducted in tall fescue lawns (CN2 value of 58, OC of 4,160 kg/ha, and no thatch), in which fungicides may be applied to control brown patch caused by Rhizoctonia solani. Fungicide programs tested were as follows: propiconazole applied at 992 g/ha, triadimefon applied at 763 g/ha, and azoxystrobin applied at 305 g/ha or 610 g/ha. One simulation was conducted in Kentucky bluegrass with parameters as follows: CN2 value of 52 and OC of 11,272 kg/ha (assumes a 6-mm thatch). In Kentucky bluegrass, the fungicide applied was azoxystrobin at 610 g/ha that was intended to control summer patch caused by Magnaporthe poae.
Simulation set 6 (SS6). This set simulated fungicide applications targeting pink snow mold and Microdochium patch, both caused by Microdochium nivale. Simulations of perennial ryegrass fairways assumed a 19.2-mm mowing height having 1,615 kg of OC per ha (no thatch) and CN2 values used were 61 and 74 for soils in hydrologic groups B and C, respectively. Fungicides were applied on 10 December at the following rates: iprodione applied at 3,052 g/ha; chlorothalonil applied at 12,588 g/ha; and PCNB applied at 18,310 g/ha. Simulations of creeping bentgrass fairways assumed a 16-mm mowing height having 3,600 kg of OC per ha (2-mm thatch); and CN2 values used were 55 and 67 for soils in hydrologic groups B and C, respectively. Fungicides were applied on 5 November and 15 February at the following rates: iprodione at 3,052 g/ha; and chlorothalonil at 12,588 g/ha.
RESULTS
Volume of surface runoff. In simulations of runoff from established turfs on soils in hydrologic group B, mean monthly volumes of surface runoff ranged from 8,600 to 18,800 liter/ha (Table 2) . Runoff values from grasses that were rhizomatous or stoloniferous (creeping bentgrass, Kentucky bluegrass, or zoysiagrass) were less than runoff values from bunchgrasses (perennial ryegrass or tall fescue). Simulated runoff volumes were more than twice as high from soils in hydrologic group C than they were from group B. Runoff volumes were more than four times higher in simulations of new seedings than they were in established turfs.
Mass of fungicide in runoff. Annual fungicide loads in simulated runoff from soils in hydrologic group B ranged from 3.1 to 120.9 g/ha (Tables 3-8) . In all simulations on such soils, fungicide loads from established turfs represented no more than 1.1% of that applied and usually less than 1.0%. In the case of simulated metalaxyl application to a newly established fairway (soil in hydrologic group B), the load was 3.7% of that applied (Table 5 ). Fungicide Kentucky bluegrass lawn 8.6 NT a Group B and C refer to soil hydrologic group B and C, respectively (6) . b NT = not tested.
loading was more than twice as high in runoff from soils in hydrologic group C compared with soils from group B (Tables  4 and 8 ). Not surprisingly, in cases where simulations were conducted with fungicides at several rates, fungicide loading in runoff was proportional to application rate (Tables 4, 5 , and 7). At an equivalent rate of application, simulated loads of azoxystrobin from Kentucky bluegrass, a thatch-forming grass, was less than onehalf of that observed from tall fescue, a bunchgrass (Table 7) . Potential toxicity of runoff to aquatic ecosystems. In all simulations, concentrations of propiconazole, triadimefon, thiophanate methyl, and metalaxyl in runoff were well below LC 50 values for rainbow trout and Daphnia magna (Tables 3-7; Fig. 1 ). Concentrations of propiconazole, triadimefon, thiophanate methyl, and metalaxyl never exceeded 6, 3, 22, and 1%, respectively, of their LC 50 values for rainbow trout or D. magna.
All simulated chlorothalonil applications to fairways produced runoff with concentrations that greatly exceeded LC 50 values of both indicator species. At its mean peak concentration, chlorothalonil concentrations exceeded LC 50 values of indicator species by >31-fold, >43-fold, 30-fold, and >21-fold for SS1, SS2, perennial ryegrass in SS6, and creeping bentgrass in SS6, respectively (Tables 3, 4 and 8; Figs. 1 and 2 ). Mean monthly chlorothalonil concentrations predicted for runoff exceeded LC 50 values of both indicator species for the following durations (mean monthly concentration data not shown): 8 months in SS1; 5 months in SS2 and SS6 in both soil hydrologic groups; 4 months in perennial ryegrass simulations; and 8 months in creeping bentgrass simulations.
Simulated concentrations of azoxystrobin, iprodione, and PCNB in runoff exceeded LC 50 values of at least one indicator species in several instances. At the 608 g/ha application rate, azoxystrobin exceeded the LC 50 for D. magna for 1 month in both soil groups in SS2 (Table 4 ; Fig. 1 ) and in the tall fescue simulation in SS5 (Table 7 ; mean monthly concentration data not shown) but not in SS4 or in the Kentucky bluegrass simulation in SS5 (Tables 6 and 7 ; mean monthly concentration data not shown). In SS6, iprodione exceeded the LC 50 for D. magna for 1 month in both soil groups in perennial ryegrass and for 2 months in creeping bentgrass (Table 8 ; Fig. 2 ; mean monthly concentration data for creeping bentgrass not shown). PCNB exceeded the LC 50 of rainbow trout for 1 month in SS4 (Table 6 ; mean monthly concentration data not shown) and in SS6, LC 50 values for D. magna and rainbow trout were exceeded for 1 and 2 months, respectively in both soil groups (Table 8 ; Fig. 2 ; mean monthly concentration data for creeping bentgrass not shown). 
DISCUSSION
The computer simulations reported here suggest that certain applications of fungicides on turfgrass could pose a risk to populations of primary and secondary consumers in aquatic ecosystems. In these simulations, the proportion of applied fungicide that loaded into surface runoff typically was low, consistent with a number of field studies of pesticide runoff from turf (8, 16, 22) . However, fungicides with high intrinsic toxicity to rainbow trout and D. magna were present in simulated runoff from fairways and lawns at concentrations that exceeded LC 50 values of these indicator species, particularly when applied at high rates. While these statements refer to predicted concentrations in runoff and not in receiving waters, it seems feasible that runoff with levels exceeding LC 50 s of the indicator species could pose some ecological risk, especially when runoff volume is high.
The most striking case was chlorothalonil. In all simulations, the concentrations of this fungicide in runoff greatly exceeded LC 50 values of the indicator species for months following application, and volumes of such runoff were substantial. Chlorothalonil is applied at relatively high rates for turfgrass disease control and is very highly toxic to certain aquatic organisms. Thus, applications of this fungicide would appear to pose the greatest risk to water quality of those fungicides simulated in this study. Indeed, concern over risks to water quality was a key reason for recently imposed restrictions on chlorothalonil usage in the United States, such as reduced application rates and maximum allowable amounts per season (7). The simulation results reported here are consistent with those concerns. The results reported here also raise concerns about water quality risks following treatment of turf with azoxystrobin, iprodione, or PCNB, which, along with chlorothalonil, were the most toxic fungicides to the indicator species in these simulations (Table 1 ). Haith and Rossi (11) reported similar results with these fungicides in simulations designed to investigate general factors that influence pesticide runoff on golf courses in the northeastern United States. This study differs from previous work in that simulation conditions were selected to represent specific fungicidal active ingredients, rates, and application schedules recommended for control of selected, important turfgrass diseases common in Kentucky and surrounding states. It is significant that results of both studies were convergent with respect to concern about water-quality risks from fungicides with high toxicity to the indicator species.
On the basis of the results reported here, it would be wise for turfgrass managers to reduce the use of fungicides that pose the highest risk to surface waters, especially under conditions that may have a significant risk of surface runoff. In practice, many factors enter into the decisionmaking process with respect to which fungicides to use and when, factors such as the risk of other diseases, spectrum of disease control provided, potential risks of phytotoxicity under prevailing conditions, cost, availability, compatibility with other chemical applications, and etc. Because toxicity to aquatic ecosystems may not always be a priority in selecting fungicides, a prudent course of action would be to educate turf managers about potential risks to water quality from fungicides and tactics for reducing such risks. Such tactics are varied and include: maintenance of untreated filter strips of taller grass or buffer strips of naturalized vegetation along streams, ponds, and lakes; avoiding applications soon before heavy rainfall, or onto swards with saturated or frozen soils; proper scheduling and application of irrigation; use of care when applying fungicides during seeding and establishment; and construction of "created wetlands" to receive runoff from turf areas (1, 4, 14, 15) .
The simulations reported here assumed that no irrigation was applied, although swards that receive fungicide for disease control are also likely to be managed with high levels of maintenance, including application of irrigation as needed. It should be possible to incorporate simulated irrigation events into the TurfPQ model by inserting reasonable values for irrigation volume directly into the rainfall column of the weather data input file, although I chose to run simulations without such manipulations of the raw input data. However, the inclusion of irrigation in these simulations almost certainly would have resulted in even higher estimates of fungicide loading than those reported here. Proper irrigation practices do not induce significant amounts of surface runoff, although excessive irrigation certainly can. The principal mechanism by which irrigation can increase the risk of fungicide runoff is by increasing the antecedent moisture of the soil. This can result in significantly greater volumes of surface runoff and consequently greater fungicide loading if substantial rainfall occurs sometime after irrigation (4,8), such as when unexpected storms occur following irrigation. Turf managers implementing the spray programs evaluated here would be likely to apply irrigation during dry periods, hence increasing the risk of fungicide runoff.
Fungicide loads were more than three times higher in simulations of a newly established sward than in any established turf. Simulations on new swards were conducted only with metalaxyl, a commonly recommended fungicide on new seedings of cool-season turfgrasses in Kentucky. Metalaxyl has very short half-life in turfgrass ecosystems (9) , the shortest of those included in this study. It seems reasonable to speculate that fungicide loading would be even greater on newly established turfs when more persistent fungicides are applied. The risk of fungicide runoff from newly established turf could even be substantially higher than that reported here, in which no irrigation was assumed. Although my simulations assumed no irrigation, newly established turf needs frequent replenishment of soil moisture from either irrigation or natural rainfall because of its limited root system and sensitivity to even modest drought stress. As discussed previously, this would increase the risk of fungicide loading should a significant rainfall event occur. Thus, new seedings and newly established turfs should be managed with particular care in ways to reduce the risks of fungicides in runoff.
Not surprisingly, substantially more fungicide loading in runoff occurred on soils in hydrologic group C than it did in group B. It was interesting, however, that simulated concentrations of fungicide in runoff were similar for both soil groups (Tables 4  and 8 ). In these simulations, increased runoff volume from group C soils approximately compensated for increased loading of fungicide into runoff, resulting in similar fungicide concentrations in both cases. Similarly, Evans et al. (8) found that diazinon loading in runoff from turfgrass plots increased proportionately with increasing runoff volume, resulting in diazinon concentrations that were similar among plots differing in runoff volume.
The observation of substantially reduced fungicide loading in runoff from a turfgrass sward with thatch as compared to one without thatch is consistent with research showing that the presence of a thatch greatly increases sorbtion of pesticides (5,13).
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